C and H contents and C, H and O isotopic compositions have been measured in sixteen samples of the ,~ma-Sira massif-type anorthosite (Rogaland, Southwest Norway) and in 30 surrounding rocks, including the metamorphic envelope and magmatic intrusions related to the anorthosite emplacement.
I. Introduction
The origin and role of C O 2 in granulite facies m e t a m o r p h i s m has been the subject of much de-
[CL] 1 Present address: CNRS, Service des Relations Industrielles, avenue de la Terrasse, F-91198 Gif-sur-Yvette, France Elsevier Science B.V. SSDI 0012-821X(94)00109-C bate. Some authors [1-3, and references therein] suggest that granulite m e t a m o r p h i s m is due to CO 2 streaming, while L a m b and Valley [4] invoke recrystallization of originally dry rocks. Frost and Frost [5] d e v e l o p e d a model which e m p h a s i s e d the role of basaltic melts intruded into the crust. Such melts would be capable of assimilating H 2 0 from the lower crust and would also be the source of C O 2. This concept has been recently illustrated by several authors [6] [7] [8] .
Although the origin of massif-type anorthosites is still unclear, most workers [9] [10] [11] agree with a two-stage formation: crystallisation at or near the mantle-crust boundary followed by emplacement at a shallower level. The envelope of the anorthosites is usually metamorphosed in the granulite facies. In Rogaland, a large-scale aureole of granulite facies metamorphism has been induced by the emplacement of anorthosites and related rocks [12, 13] .
We investigate here the role of these magmas as a source of CO 2 in the granulite metamorphism in the Rogaland Province by using stable isotopes to constrain the fluid phase degassed by mantle-derived magmas intruded at the mantlecrust boundary, in an approach similar to that developed for tholeiitic magmas by Javoy et al. [14] and Gerlach and Taylor [15] .
Carbon, oxygen and hydrogen isotopic compositions have been measured in whole-rock anorthosites and plagioclase phenocrysts from several localities of the ,~na-Sira massif and in whole rocks from the surrounding intrusions and gneisses. Oxygen isotopic compositions have been determined to assess the importance of crustal contamination in the various magmatic units and to study possible exchange between rocks and fluids. The pattern of carbon contents in the anorthosites and surrounding rocks has been established in order to trace the importance of C-rich fluid migration.
Geological setting
The ~ma-Sira massif (AS) is one of the three large anorthosite bodies constituting the Rogaland Igneous Province. Petrographically, the anorthosite is monotonous and comprises granulated, equal-sized (1-3 cm), homogeneous plagioclase (An40_50). Locally, it contains aggregates of Al-rich orthopyroxene and plagioclase megacrysts. The samples were collected using the geological map of Krause and Pedall [16] . The only C-rich species which can be recognised are rare carbonate microcrysts located in plagioclase cracks and intergrains. CO2-rich fluid inclusions and graphite crystals have never been found, although petrographic observations cannot exclude the occurrence of submicroscopic graphite particles. An altered sample, whitish in colour and somewhat saussuritized, has also been studied (sample 8, see below).
The AS massif is quite similar to the Egersund-Ogna (EGOG) massif studied by Michot [17] and Maquil and Duchesne [18] . The latter proposed a two-stage petrogenesis: crystallisation around 12-15 kbar and a final emplacement as a crystal mush in granulite facies P -T conditions (around 6-8 kbar, [19] ). The isotopic data on the EGOG massif (]Sr = 0.703-0.705; E•a = +3.7 to +4.6) suggest an origin in the depleted upper mantle [20] .
The AS massif intruded a series of gneisses of supracrustal origin [21] . The AS anorthosite has been intruded by the layered Bjerkreim-Sokndal (BKSK) intrusion, which comprises cumulates and melts of the whole anorthosite-charnockite (= hypersthene granite) suite [22, and references therein], and mangerites (= hypersthene monzonites) and jotunites (= hypersthene diorites), forming the so-called Apophysis. The latter massif intruded between the AS massif and its envelope of metamorphic gneisses. The AS massif is cross-cut by an ilmenite norite lens (the Tellnes orebody) extending into a jotunitic to charnockitic dyke called the Tellnes dyke [16] . The orebody has been interpreted as a cumulate probably formed in a liquid related to the AS anorthosite [23] . On the other hand, the parental magma of the Tellnes dyke has an initial strontium isotope ratio of 0.7069, pointing to the assimilation of crustal components [23] .
The entire Rogaland Igneous Province was emplaced in a relatively short time, between 929 + 2 Ma for the EGOG intrusion and 920 __+ 2 Ma for the Tellnes orebody (U-Pb zircon ages, [24] ). The anorthosites and associated rocks are thus cogenetic.
Contrary to that known in the Adirondack Mountains, no later metamorphic overprinting has ever been recognised in Rogaland. This characteristic, initially deduced from field and petro-graphic arguments, has been confirmed recently by U-Pb studies: the last tectonic event occurred around 1000 Ma, which is ca. 70 Ma before the anorthosite emplacement [24] . Both the emplacement of the anorthosites (and related rocks) in the granulite facies conditions and the absence of T a b l e 1 C a r b o n a n d oxygen isotopic d a t a for the ~kna-Sira anorthosites, the s u r r o u n d i n g intrusions a n d the m e t a m o r p h i c gneisses. D a t a c o r r e c t e d for b l a n k a n d of the volatiles occurred. Apart from the anorthosites, all the samples melted. The resulting water was reduced to H 2 by uranium metal at 800°C, in readiness for isotopic analysis. The carbonates were decomposed with H3PO 4 at 100°C for 1 h and their 6~SO values were corrected using the fractionation factor of Rosenbaum and Sheppard [25] . Oxygen isotopes from whole rocks and minerals were extracted following the methods of Clayton and Mayeda [26] using BrF 5, Two step-heating combustion experiments were performed following the experimental conditions described in Wilmart et al. [27] . All the results are expressed in the conventional 6 units (relative to PDB for carbon and SMOW for oxygen and hydrogen). 
Results

The Ana-Sira massif
All samples of anorthosite and plagioclase megacryst, whatever their position in the massif, show a restricted range of variation of 6180 (between 5.7 and 6.7%o (samples 1 to 16, Table 1) , with an average value of 6.1 + 0.3%o). Fig. 1 shows that, except for sample 4, all anorthosites and plagioclase megacrysts taken far ( > 500 m) from the contacts with the surrounding massifs and the contacts with the Tellnes orebody and dyke (samples 1 to 9) show a low bulk carbon content ( < 50 ppm, Table 1 ). Due to the low C contents, the isotopic composition was only determined for plagioclase megacryst 9 (43 ppm C), where 613C is -20.4%o.
The water contents and isotopic compositions of some of the anorthosites and plagioclase megacrysts are reported in Table 2 . Except for sample 8, which is slightly weathered and shows a larger water content (0.69%) with 6D = -53.6%o, all the samples have a restricted water content of between 0.12 and 0.36% H 2 0 , with 6D values ranging from -6 2 . 6 to -74.9%o. No variation in water content and 6D was observed with position in the massif.
Anorthosites and plagioclase megacrysts collected close to the Tellnes orebody/dyke (samples 10 to 14, Table 1 and Fig. 1 ) and the Apoph- ysis (samples 15 and 16) are richer in bulk carbon than samples collected away from the contacts. Their bulk carbon contents are as high as 790 ppm C. The bulk carbon isotopic compositions show large variations, from 6 1 3 C = -1 4 . 0 to -4.8%o. These isotopic values are not correlated with rock or megacryst bulk carbon contents, but become less negative with an increasing proportion of carbonates (from 25 to 96% of the bulk carbon content, Table 1 ). The mean 613C and 6180 values of the carbonate extracted by acid attack are -5 . 6 + 1.3%o and 12.1 _+ 0.9%o (Table  1) respectively. The weighted mean bulk 6~3C value is -7.2%v if we consider all AS samples and -6.8%0 if we only take the border samples. These values are close to the mean 6~3C of the carbonates ( -5 . 6 + 1.3%o) and show that this C-rich species is predominant. A step-heating combustion experiment performed on a plagioclase megacryst (sample 10, Table 3 and Fig. 2a) shows that ~ 50% of the bulk carbon (124 ppm) is derived from the de- Table 3 Carbon concentrations (ppm by w e i g h t ) and 6t3C values obtained by step-heating combustion of samples 10 composition of carbonates (between 500 and 800°C, in the absence of 02). The remaining carbon is extracted in oxidising conditions: 27% of bulk carbon (65 ppm) at T < 500°C and 21% (51 ppm) at T > 800°C (Fig. 2a) . The highest isotopic value ( -8 . 7 % 0 ) is measured in carbon extracted between 500 and 800°C. This latter value, approaching the 613C value obtained by acid attack of carbonates ( -5 . 2 % 0 ) , also suggests that about half the carbon is in the form of carbonates. As discussed by Wilmart et al. [27] , the isotopically light carbon (~1 3 C = -2 5 . 9 % o ) released at lower temperatures may correspond to desorbed atmospheric CO 2 and 'condensed' carbon, oxidised from complex carbonaceous films. Some submicroscopic graphite particles intimately bound within the plagioclase framework could be released at high temperatures (> 1000°C) because it is more difficult to oxidise them. These rare carbon-rich species would have a ~13C value close -13%e. The isotopically light carbon extracted between 800 and 1000°C is probably due to the tail contributed by the 'condensed' carbon still extracted at these temperatures.
The Tellnes orebody
The 6~SO values of three ilmenite norites are very restricted (5.2 ± 0.2%o), whereas the values are slightly more dispersed (~1 8 0 = 4 . 9 and 6.0%0) in rocks from a small apophysis of the orebody (sample 20) and in the leuconoritic border facies (sample 21). Carbonate alSO values vary from 12.5 to 17.5%o (Table 1) .
The Tellnes orebody contains up to 1026 ppm C with bulk ~3C values varying between -6 . 2 and -4.1%o. These values are quite similar to those measured in carbonates from the orebody (a13C = -3 . 0 _+ 0.3%0 in the ore (ilmenite norite) and at3c = -4 . 3 to -5.6%o in the leuconoritic border facies and in late quartz calcite veinlets). This suggests that the carbon present in the orebody is essentially in the form of carbonate. The small contribution of possible graphite particles to the carbon content of sample 18 is illustrated in Fig. 2b (Table 3) : 70% of the bulk carbon (431 ppm) is carbonate with a a13C value of -4.1%o, quite similar to the carbon extracted by acid attack (437 ppm at -3.0%0). If graphite particles are present in the ore, they represent less than 5% of the bulk carbon (28 ppm).
The Tellnes dyke
The whole-rock 6lSO values range from 5.0%o in the jotunite (sample#24) to 6.3 + 0.3%0 in the charnockites (samples 26 and 27) .
Rocks from the Tellnes dyke are relatively rich in carbon compared to anorthosites. They contain 440-1484 ppm bulk carbon with variable 613C ( -7 . 3 to -21.5%o). An important part of the bulk carbon (> 42%) is in the form of carbonates with a mean 613C= -5.7 +0.8%o (if we disregard slightly altered sample 26).
The BKSK lopolith and the Apophysis
Samples 28 to 30 represent troctolitic and noritic cumulates from the lower part of the massif and belong to megacyclic unit IV [28] , whereas samples 31 to 33 come from the transition zone towards the more acidic rocks of the upper part of the massif, where mangerite (sample 34) is found. Samples 31 and 33 are ultramafic ferrous olivine clinopyroxene Ti-magnetite ilmenite cumulates interleaved with mangeritic cumulates (sample 32) [29] . In the Apophysis, samples 35 and 36 are typical melts in commingling relationships.
The whole-rock 6180 values vary between 3.3 and 5.8%o with a mean value of 5.0 + 0.9%o, significantly lower than values observed in anorthosites.
Whatever their origin (cumulate or liquid), all rocks are richer in carbon than anorthosites, having bulk C contents of 75-1211 ppm (as opposed to less than 50 ppm in anorthosites collected far from the contacts with later intrusions) and ~13C values between -19.2 and -3.8%o, depending on the carbon-rich species present. Wilmart and Pineau [30] have shown that carbon is present in charnockites in the form of carbonates (~3C values ranging from -6.0 to -1.8%o), graphite (~13C value of -17.5 _+ 1.0%o), C O 2 in fluid inclusions (~13C= -4.4+_ 2.0%o), and in complex carbonaceous molecules (called 'condensed' carbon, with a 6~3C value ~< -23%o).
Magmatic rocks from the Tellnes orebody and dyke, from the BKSK lopolith and from the Apophysis usually contain less than 0.30% H 2 0 with 6D values ranging from -62.1 to -90.1%o, with the exception of one sample, which represents the border facies of the Tellnes orebody (sample 21) made up of a biotite leuconorite, with 0.53% and a similar ~D value (-66.9%o).
The metamorphic envelope and the anatectic granite
The carbon contents and C and O isotopic compositions of the surrounding metamorphic gneisses are heterogeneous. The gneisses have whole-rock 6180 values varying from 2.0 to 9.0%o (Table 1 , [31] ). Bulk carbon contents range from ~< 20 to 1077 ppm C with, the 613C value varying from -4.5 to -22.4%o.
Unlike the other units described, the carbonates represent between 8 and 88% of the bulk carbon (although generally less than 50%). The 613C and ~lSO values vary from -9 . 2 to -3.7%o and from 7.4 to 20.7%o, respectively. This suggests a larger contribution of graphite a n d / o r 'condensed' carbon to the bulk carbon, explaining the low bulk 613C value observed.
The two gneisses (39 and 43) are slightly richer in water (0.43 and 0.54% H 2 O, Table 2 ) than the intrusive rocks. Interestingly, the Breimyrknutan charnockite (sample 46), which resulted from the partial melting of crustal gneisses [32] , is very poor in water (0.17%), suggesting that the deep crust of Rogaland was almost dry when anatexis occurred. These rocks have the 6D values usual for metamorphic rocks (between -69.0 and -7 5 . 4 % o ) .
D i s c u s s i o n
Oxygen isotopes
The 6180 values measured in the various rocks from the metamorphic envelope vary greatly (by up to 4%o) between gneisses of the same petro-graphical type (samples 41 to 43) and between gneisses with similar SiO 2 contents (samples 38, 39 and 44). The scattered 6lsO distribution in the surrounding rocks is thus considered to be an original feature.
In contrast, the ~180 values measured in anorthosites from the AS massif (Table 1) are very homogeneous, the sixteen anorthosite samples having an average 8~SO value of 6.1 _+ 0.3%o. The range of variation is more restricted in the plagioclase megacrysts (~= 0.1%o) than in anorthositic whole rocks (o-= 0.3%o), possibly due to the presence of interstitial mafic minerals in the medium-grained anorthosites. These values seem randomly distributed in the massif (Table 1 and Fig. 1 ). No systematically higher ~180 values are observed near the margins, although some SiO2-rich gneisses show 6~SO values up to 9%0. The ~ 1SO values of the AS anorthosites fall in the range 5.8-7.6%o defined by Taylor [33] for "normal unmetamorphosed massif-type anorthosites". Our results are consistent with a mantle origin for the Rogaland anorthosites as proposed by Demaiffe and Javoy [31] on the basis of oxygen and strontium isotopic evidence. The narrow range of 61SO values observed throughout the AS massif precludes any significant assimilation of country rocks, whose 6180 values are quite variable (between 2.0 and 9.0%o), or of anatectic material such as the Breimyrknutan charnockite (4.1%o).
The limited 6180 range of the anorthositic rocks may be explained by the small oxygen isotopic fractionation between a basaltic melt and cumulative minerals (titanomagnetite, pyroxene, olivine and plagioclase) at high temperature. Pyroxenes, olivine and Ti-magnetite are slightly depleted in 1~O, and the plagioclase 6180 value is, depending on which study one takes, considered to be similar or slightly higher than the value of the melt (A < 0.5%0 at magmatic temperatures [e.g., 34]). Consequently, the 6JSO value of the parental magma of the anorthosites is expected to be between 5.5 and 6.0%0. Calculation of the 6lSO values of norites and leuconorites from the Tellnes orebody based on their mineralogy and modal composition, together with the mineral oxygen fractionation factors, perfectly fits the measured ~lSO whole-rock values if we assume a parental magma at 5.5%e. This assumed initial g180 value is also similar to the isotopic composition of the parental magma of anorthosites and will support a comagmatic origin for the AS anorthosite and the orebody as previously proposed by Wilmart et al. [23] .
Similarly, oxygen isotopic variations observed within the Tellnes dyke can be explained by fractional crystallisation from a jotunitic melt giving rise to mangeritic and finally to charnockitic melts [26] .
In addition, the variations in the 61~O values obtained in the various cumulate rocks from the BKSK lopolith essentially reflect the modal proportion of feldspars, Fe-Ti oxides, olivine and pyroxenes. For example, the lowest (~180 values were measured in mafic cumulates (samples 31 and 33) while the highest one was obtained in the mesoperthite-bearing cumulate rocks (e.g., sample 32).
Carbon concentration and ~13C ualues
The low carbon contents ( < 50 ppm C) of the anorthosites collected more than 500 m from the massif borders could indicate either that the anorthositic crystal mush was C-poor when emplaced in the metamorphic envelope or that it lost most of its original C during or after cooling. However, the heterogeneity in carbon and oxygen contents and in the isotopic compositions in the various gneisses of the envelope, together with the absence of metamorphic overprinting in the Rogaland Igneous Province, does not favour the latter hypothesis. Indeed, the cumulate nature of the anorthosites is a strong argument for an originally low carbon content, most of the carbon having been concentrated in the residual melt or degassed from the magma into the overlying crust (Fig. 5) . Fig. 1 shows the distribution of the bulk carbon content in all the anorthosite samples and in the neighbouring units. A significant increase in carbon content (up to 790 ppm) is observed in all anorthosites and plagioclase megacrysts occurring in the vicinity of the neighbouring igneous and metamorphic rocks. This increase in carbon con-tent corresponds to the appearance of interstitial carbonates. Both observations suggest that the carbon-poor anorthosites have been infiltrated by carbon-rich fluids, either exsolved from later intruded magmas or coming from the metamorphic envelope. The results of step-heating experiments performed on a relatively C-rich plagioclase megacryst (sample 10, see section 4.1) indicate that the carbon extracted from the crystals is mainly in the form of carbonate, with a small proportion of reduced carbon released at low temperature. Such reduced carbon may correspond to complex carbonaceous molecules condensed along cracks and grain boundaries at decreasing temperature and oxygen fugacity [35, 36] and to some graphite microcrysts. Previous studies [37, 38] have shown that the carbon isotopic fractionation which takes place during the formation of such complex molecules (by Fischer Tropsch reactions) is large; this prohibits the use of such phases to characterise the carbon isotopic signature of the C-rich fluid.
The limited extent (a few hundreds metres) of infiltration from neighbouring rocks into the anorthosite may imply that the amount of fluid was small and that infiltration occurs mainly in a closed system. By assuming closed system conditions, we can approach the isotopic composition of the infiltrating fluid by integrating all the carbonic phases observed in the infiltrated samples (average of 285 ppm C with a weighted mean value of -6 . 8 % o ) and subtracting from this the mean carbon content of unaffected anorthosites (30 ppm at ca. -20.0%v) estimated from uncontaminated samples. The estimated 613C value of the infiltrating fluid is close to -5.3%o. Another interpretation would be that huge amounts of carbon passed through the rocks but left no trace, due either to (i) there being no phase available in which carbon could be fixed at high temperatures or (ii) to there being no hydrous phases that could break down to record the passage of carbon dioxide by dehydration halos. In this second interpretation, the carbon measured in anorthosites would record residual CO 2 left after the fluid flow has ceased. Assuming that carbonate precipitation occurred in isotopic equilibrium with CO 2 at a temperature around 700°C and using Bottinga [39] fractionation factors, the fluid fi~3C value would be around -2.5%o, which is quite different from our estimate. Moreover, the reason why some residual fluid would be trapped only in anorthosites located at the borders of the massif is not accounted for in the second model. On the other hand, the carbon isotopic composition calculated for the fluid phase in the first model is typical of an upper mantle C source such as estimated from CO2-rich vesicle basalts ( -7 to -3.6%o in popping rocks [40] ), and from diamonds ( -7 to -2 % o [41] ).
Late carbonates have been observed throughout the Marcy Anorthosite Massif (Adirondack Mountains, New York) and have been related to late hydrothermal fluids that have altered the anorthosite massif after the igneous events and the granulite facies metamorphism [42] . In the AS massif however, no metamorphism occurred after the igneous events, and the fact that carbonate distribution appears limited to a few hundred metres from the margin of the massif suggests that the carbonate precipitation was related to the intrusion of neighbouring units.
The Tellnes orebody is suggested to have been a major source of C-rich fluids which allowed carbonate precipitation in the anorthosite. Ironrich magmas are known to dissolve large amounts of carbon [43] . This is also confirmed by the high bulk C contents measured in the Tellnes orebody (395-1026 ppm) and in the anorthosites collected in its vicinity (up to 790 ppm). The Tellnes dyke also appears to affect the anorthosite (e.g., sample 14 taken at the contact with the dyke yields a bulk C content of 161 ppm).
The BKSK lopolith contains variable amounts of carbon, and the carbonate shows high 6~3C values. The western contact of the AS massif with the BKSK lopolith has been little studied. Sample 9 collected 1 km from the contact shows no carbon enrichment and thus could indicate the limit of fluid infiltration. One anorthosite sample (4) collected 2.7 km from the contact with the BKSK lopolith contains relatively high amounts of carbon (113 ppm C). Since such C contents and the carbonate fil3C values ( -7 . 4 % o ) are quite similar to those measured in samples which have been influenced by the neighbouring intru-sions, the simplest explanation could be the presence of a hidden dyke or pod a few metres from the actual level of exposure or the existence of a fluid flow channel.
As already mentioned, the eastern limit of the AS massif, which corresponds to the contact with the Apophysis, also shows an increase in the carbonate content ( Fig. 1 and Table 1 ). Because the Apophysis intruded between the anorthosite massif and its metamorphic envelope, the source of the fluid fluxing into the anorthosite massif is somewhat ambiguous--it may come from the Apophysis a n d / o r from the crustal metamorphic envelope.
While carbon in contaminated anorthosites is mainly in the form of carbonate, reduced carbonaceous species are usually predominant in rocks from the crustal metamorphic envelope, suggesting that the gneisses have preserved some 'original' carbon characteristics. The differences between the 613C values of the carbonates and those of the calculated 'graphite' of samples 38, 40, 42, 43 and 45 vary widely, from 20.1 to 6.5%0. Such large differences, which are associated with carbonate 6180 values typical of intermediate temperature precipitation (see below), show that there is no isotopic equilibrium between the carbonates and graphite. The lack of equilibrium may accord with the idea that some of the carbonate was added by the neighbouring intrusions. Indeed, the granitic gneisses (e.g., sample 45), which constitute a major rock type in the metamorphic envelope and which were collected far from the contact with the Apophysis, are very poor in carbonate. It is thus suggested that (i) the carbon influx evident in the border anorthosites is associated with the intrusion of the Apophysis and (ii) that the later intrusion had also enriched the metamorphic envelope in carbon.
The relationship between the bulk carbon content and the associated 6L3C values is shown in Fig. 3 . A carbonate field is delimited by the carbonate-rich samples. The contaminated AS anorthosites plot along the calculated mixing curves between an uncontaminated end member (estimates at 43 ppm C and -20.4%o) and various amounts of carbonates (100 and 1000 ppm C at -4 % o ) precipitated from a magmatic carbonrich fluid. A similar interpretation can be applied to samples from the metamorphic envelope which plot along a curve starting with a higher initial carbon content (estimated at 150 ppm of isotopically light graphite (-23%o) mixed with carbonates derived from the intruding magmas).
The bulk carbon contents of the later intrusions (Tellnes orebody and dyke, BKSK, and the Apophysis) generally show isotopic signatures close to the magmatic carbonate end member defined above. The five samples poorest in C (three cumulates from the BKSK lopolith (31, 33 and 34) and the two samples of the Tellnes dyke richer in SiO 2 (26 and 27)) show significantly lower 613C values. The carbon distribution in the Tellnes dyke is similar to the major and trace element variation in the rocks which were explained by a fractional crystallisation process.
The proportions of the carbonaceous phases formed at the expense of the fluid phase (carbonate and condensed carbon) vary from place to place. The trends observed in Fig. 3 may be also due to the mixing of these two carbon-rich species. However, it must be kept in mind that isotopic fractionation may also affect the fluid phase during carbonate precipitation.
Carbonate isotopic signature
The carbonate 31ao values range from 8.9 to 15.6%o in the AS massif, from 7.8 to 19.5%o in the other magmatic units and from 7.4 to 20.7%0 in the metamorphic envelope. The unaltered character of the rocks is demonstrated by the restricted range of whole-rock 61sO values (Table  1) , although it is possible that some late isotopic exchange between carbonates and traces of water occurred at the grain boundaries. This water is considered to be either water exsolved from the magmas, concomitantly with CO 2, or meteoric water. Calibrations obtained on the feldspar water system [44, 45] , on the H20 calcite system [39] and on the calcite anorthite water-free system [46] provide limits for oxygen isotopic equilibrium between calcite and anorthite. In the AS massif, carbonates with 6lao values lower than 10%o crystallised or re-equilibrated at temperatures higher than 500°C and no anorthosite samples suffered re-equilibration below 250°C. Such limits seem to be valid for most carbonates present in other units, meteoric alteration having to be invoked to explain the higher 81SO values (> 16%o) measured in only 20% of the rocks studied.
All the carbonate 613C values fall in the range accepted for fluid and carbonate associated with mantle-derived magmas ( -4 to -8%o, [e.g., 47, 48] ). However, the data reported in Table 1 show that carbonates from the carbon-rich intrusions (the BKSK lopolith, the Apophysis and the Tellnes orebody) are often richer in ~3C (313C = -3.5 +_ 1.0%o) than the carbonates introduced into the AS massif and the metamorphic envelope by the previous intrusions (carbonate 613C = -7 to -4%o; average -5.8 _+ 1.8%o). For example, anorthositic sample 16, collected less than 1 km from the Apophysis jotunite and mangerite (samples 35 and 36) , has a carbonate ~lSc value of -6.2%o, against -3.4 and -1.8%o in the Apophysis samples. The higher 6~3C values may be explained by the formation of carbonaceous molecules ('condensed' carbon) in equilibrium with the fluid from which the carbonates precipitate. On the other hand, the lowering of carbonate 613C values can result from diffusion effects a n d / o r from isotopic fractionation during carbonate precipitation at decreasing temperatures. A carbon isotopic fractionation of 7.8%o measured between carbonates (6lSC = -5.2%0) and graphite (-13.0%o, see section 4.1) in the contaminated anorthosite (sample 10) indicates that these two carbonic phases re-equilibrated down to 450°C [49] .
An equilibration temperature of 95°C was calculated from the 8180 values of calcite and quartz in a late calcite-quartz veinlet cross-cutting the TeUnes orebody and the anorthosite. This indicates that a carbon-rich fluid continued to percolate along fractures after solidification of the rocks.
Hydrogen concentration and 8D ualues
The low water content (0.12-0.54%, Table 2) found within all the units confirms the good preservation of the granulite facies conditions during cooling and uplift. In most samples the 6D values (-81.8 to -62.6%o) are in the field defined for magmatic rocks [47] . The relation-ships between HzO contents, 3D and whole-rock 6JSO values are shown in Fig. 4 . A weak negative correlation between 6D and water content, possibly resulting from the magmatic evolution of the system [50] , is observed in Fig. 4a . Sample 8 ( Table 1) was collected from a fracture zone in order to characterise the alteration processes due to the circulation of meteoric water. An increase in water content (0.69%) and 6D value (-53.6%o) is observed but the small change in the 6~O value (6.4%c, Fig. 4b ) implies that the fluid-rock interaction occurred at relatively high temperatures with hydrothermal fluids buffered completely by anorthosite (low water/rock ratio). Because of the relatively restricted range of 6D values and the good preservation of the whole-rock 6180 values, we propose that the water corresponds mainly to magmatic 'water' fixed as hydroxyl radicals in silicates under the P-T conditions of crystallisation, as has been demonstrated for diopside [51] .
Implications for CO 2 transfer
The role of mantle-derived magmas as a source of heat and CO 2 inducing the granulitization of the lower continental crust has been discussed by several authors [e.g., 5, 52] . In estimating the importance of CO 2 associated with the anorthositic magmatism in Rogaland, we propose the following:
An anorthosite parental magma, just saturated in carbonate ions, was stored at the base of a thickened crust (12 or 15 kbar, estimated on the basis of the A1 content of orthopyroxene megacrysts [53] ). The amount of volatiles dissolved in the magma before any crystallisation would have been about 3000 ppm C [54] (Fig. 5) for a tholeiitic composition. (Note that although the volatile content may have been higher if the magma was richer in alkalis [55] or iron [43] , this has little effect on the proposed scenario.) During crystallisation in the magma chamber, the volatiles were concentrated in the residual liquid and the fluid reached a supersaturation factor of 2, which is sufficient for the nucleation of CO z bubbles [56] . The CO 2 bubbles were partially incorporated in anatectic melts derived from the melting of the lower crust (charnockitic a n d / o r jotunitic [57] ) that were emplaced soon after the emplacement of the anorthosite diapirs (the BKSK lopolith, the Apophysis and the Tellnes dyke). Because these magmas were of intermediate composition (and thus had a lower carbon saturation level than the anorthosite parental magma) and represent less than 30 vol% of the anorthosite massif, they would have been saturated in CO 2 comprising a free fluid phase. Consequently, these later intrusions released CO 2 into the surrounding rocks (anorthosites and gneisses). The extent of infiltration of CO2-rich fluids (into the AS anorthosite and the metamorphic envelope) was previously observed to be restricted, and thus we propose that carbon-rich fluids were introduced at higher levels in the crust along channels.
Conclusions
(1) The AS anorthositic massif has a restricted range of ~lSO values of 6.1 + 0.3%o. The anorthosites (and the supposedly comagmatic Tellnes orebody) may have formed by the crystal fractionation of a mantle-derived magma with an initial ~lsO value of 5.5%o.
(2) The low water content of the anorthosites and surrounding rocks ( < 0.54% H 2 0 ) confirms the good preservation of the granulite facies conditions (hydrous minerals are rare). Some of the water present in the intrusive rocks may represent hydroxyl radicals within the framework of the silicate minerals.
(3) The cumulative origin of the anorthosites explains the low carbon content ( < 50 ppm C) that is observed in the samples collected far from the contacts with the other magmatic units.
(4) It is suggested that fluids are an important component of magmatic activity in the lower crust. They are released by the fractional crystallisation of magmas derived within the mantle or deep within the continental crust.
(5) The fluid phase produced migrated along grain boundaries and into the surrounding rocks, precipitating interstitial carbonate and (probably in a later stage) some more complex carbonaceous molecules, although the isotopic signature of the carbon-rich fluid is better reflected by the carbonate phase.
(6) In the granulitic Rogaland Igneous Province carbonic fluids were produced during the latestage emplacement of intrusions into the anorthosite massif, a cumulate, poor in carbon, which was emplaced as a crystal mush. The distribution of C suggests strongly that the influx of CO 2 from the later intrusions was restricted to a distance of about 500 m within the anorthositic massif. The rocks of the metamorphic envelope in the vicinity of the intrusions underwent a similar CO 2 enrichment.
(7) It is suggested that fluid movements in the lower crust are not pervasive but controlled mainly by fractures.
(8) This work does not contradict the hypothesis that the granulite facies of Rogaland is the consequence of contact metamorphism around the intrusives, but rather questions the role of CO 2 streaming as a controlling factor.
